This work developed a chronotherapeutic drug delivery system (CTDDS) utilizing a potential continuous hot-melt extrusion (HME) technique. Ketoprofen (KTP) and ibuprofen (IBU) were used as two separate model drugs. Eudragit S100 (ES100) was the matrix-forming agent, and ethyl cellulose (EC) (2.5 and 5%) was the release-retarding agent. A 16-mm extruder was used to develop the CTDDS to pilot scale. The obtained extrudate strands were transparent, indicating that the drugs were homogeneously dispersed in the matrix in an amorphous form, confirmed by both differential scanning calorimetry and powder X-ray diffraction. The strands were pelletized into 1, 2, and 3 mm size pellets. A 100% drug release from 1, 2, and 3 mm pellets with 2.5% EC was observed at 12, 14, and 16 h, whereas the drug release was sustained for 14, 16, and 22 h from 5% EC pellets, respectively, for KTP. The release characteristics of IBU were similar to those of KTP with modest variations in release at lag time. The in vitro drug release study conducted in threestage dissolution media showed a desired lag time of 6 h. The percent drug release from 1, 2, and 3 mm pellets with 40% drug load showed < 20% release from all formulations at 6 h. The amount of ethyl cellulose and pellet size significantly affected drug release. Formulations of both KTP and IBU were stable for 4 months at accelerated stability conditions of 40°C/75% RH. In summary, HME is a novel technique for developing CTDDS.
INTRODUCTION
Chronotherapeutics deals with synchronizing drug delivery with the body's circadian rhythm to optimize therapeutic efficacy and minimize side effects (1) . Diseases that follow the circadian rhythm with exacerbated symptoms at specific times of the day are targets of chronotherapeutic drug delivery systems (CTDDS). Various diseases that follow the circadian rhythm include rheumatoid arthritis, cardiovascular disorders, bronchial asthma, gastric ulcers, cancer, and some neurological disorders (2) . Among the diseases that follow circadian rhythms, arthritis is a condition characterized by exacerbated pain, joint stiffness, and swelling of the fingers in the early morning hours due to the presence of high concentrations of c-reactive protein and interleukin-6 in the plasma (3) . Thus, the chronotherapeutic delivery of nonsteroidal antiinflammatory drugs (NSAIDs) such as ketoprofen (KTP) and ibuprofen (IBU) could improve the quality of life of arthritis patients.
Recently, there has been a growing interest in chronotherapeutic drug delivery systems (CTDDS) with the advantage of delivering drugs at a specific time to a specific site (4) . These CTDDS avoid first pass metabolism, minimize drug side effects, and mainly deliver drugs following the body's circadian rhythm after a pre-determined lag time when the peak plasma concentration of the drug is required. Several researchers have formulated chronotherapeutic and pulsatile drug delivery systems using different strategies. Nayak et al. developed a pulsatile capsule dosage form of valsartan as a treatment model for the early morning surge in blood pressure (5) . Jose et al. formulated colon-specific chitosan microspheres for chronotherapy of chronic stable angina (6) . Shiohira et al. prepared a chronotherapeutic rectal aminophylline delivery system for asthma therapy (7) . Recently, Haiying et al. developed a time-adjustable pulsatile system (TAPS) for the treatment of arthritis (8) . Although many strategies have been developed for formulating chronotherapeutic and pulsatile drug delivery systems, most of them are not suitable for scale up or for a continuous manufacturing process because their production requires several complex steps and the inclusion of solvents, is time consuming, and demands increased manufacturing costs. Therefore, we aimed to develop a CTDDS of KTP and IBU using the continuous hot-melt extrusion (HME) technique. HME technology has gained significant attention in pharmaceutical research and manufacturing in the last two decades owing to its inherent advantages of process automation, fewer processing steps, being solvent free, and reduced required capital investment (9, 10) . HME offers additional advantages including taste masking, abuse deterrence, shaped delivery systems, 3D-printing, solubility, and bioavailability enhancement (11) . HME is widely used in solubility enhancement and formulation of various dosage forms, including immediate release tablets (12) (13) (14) , sustained release forms (15, 16) , transdermal and topical delivery systems (17, 18) , transmucosal delivery (19, 20) , solid lipid nanoparticles (21), nanocrystals (22) , and colon drug delivery systems (23, 24) .
KTP and IBU are widely prescribed NSAIDs for the treatment of rheumatoid arthritis. Although these NSAIDs are very effective in relieving pain associated with rheumatoid arthritis, the main disadvantages are the side effects, which include gastric bleeding, dyspepsia, and peptic ulceration (25) . Another problem that needs to be addressed regarding these drugs is their short half-life (26) . Owing to the short half-life, the drugs need to be administered just before the onset of symptoms (i.e., in the early morning hours), which leads to patient incompliance. The chronomodulated systems offer an advantage of temporal and site-specific drug release. The reported compression coated and coating drug core chronotherapeutic systems have complex manufacturing processes, which include multiple steps. However, hot-melt extrusion technology was reported as a continuous process with reduced downstream processing (22) . Thus, this technology was utilized to produce simple chronomodulated pellets in capsules as an alternative dosage form. To the best of our knowledge, there are no reports of chronotherapeutic drug delivery systems using HME technology for improved chronotherapy for arthritis. A drug delivery system that delivers the drug after a pre-determined lag time (approximately 6 h) and maintains the constant blood plasma concentration is required for better patient compliance and optimal therapeutic efficacy. This requirement can be fulfilled by developing a chronotherapeutic drug delivery system that delivers the drug according to the body's circadian rhythm (27) . To achieve this, Eudragit S100 (ES100) was selected as an enteric polymer that solubilizes and releases the drug at above pH 7. Ethyl cellulose (EC) was utilized to provide the desired lag time with slow release and maintain constant blood plasma concentrations thereafter. The main objective of the current investigation was to develop a chronotherapeutic drug delivery system for the NSAIDs KTP and IBU with a desired lag time of 6 h using an industrially feasible continuous HME process.
MATERIALS AND METHODS

Materials
KTP and IBU were purchased from PCCA (Houston, Texas). Eudragit S100 (ES100) was a kind gift from Evonik (Darmstadt, Germany), and ethyl cellulose (EC) was obtained from the DOW chemical company (Midland, Michigan). All other reagents used were purchased from Fisher Scientific and were of analytical grade.
Methods
HME Processing
The polymers and drugs were sifted using a sieve (USP #30 screen size) and dried in an oven at 40°C to remove any residual moisture present. The materials were blended using a twin shell V-blender (GlobePharma, Maxiblend®) at 25 rpm for 15 min. Preliminary experiments were performed initially using a 6-mm counter-rotating mini extruder (Haake Minilab, Thermo Electron, Germany), and thereafter optimized formulations were finally extruded using the pilot scale 16-mm co-rotating twin screw extruder with a standard screw configuration as shown in Fig. 1 (16 mm, Prism Euro Lab, Thermo Fisher Scientific). The composition of different formulations, processing parameters, and percent drug released after lag time (6 h) using the 6-mm extruder is listed in Table I . Formulation compositions and processing parameters of experiments on the 16-mm extruder are listed in Table II . Initial extrudates obtained during the extrusion process were discarded until the extruder had attained a steady state, and then extrudates collected were cooled at ambient temperature and pelletized simultaneously using a pelletizer into pellets of 1, 2, and 3 mm in size. The extrudates were also milled using a comminuting mill (Fitzpatrick, model L1A) and sieved using a USP mesh screen (#25). The pellets were stored in poly bags in a desiccator until further evaluation.
HPLC Analysis of NSAIDs
Ketoprofen
The content of KTP present in the in vitro samples was quantified using a HPLC system (Waters Corp, Milford, MA, USA). For KTP (method stated in USP-NF was used), a Phenomenex Luna® C18 reverse phase column (5 μm, 100 Å, 250 × 4.6 mm) was used as the stationary phase. The mobile phase consisted of water, acetonitrile, and glacial acetic acid (90:110:1). The flow rate was maintained at 1.2 mL/min, and the UV-detector was set at 256 nm (Waters 2489 UV/ detector). Twenty microliters was injected from each sample, and the data was analyzed using Empower 2 software. A sixpoint calibration curve was plotted and found to be linear in the concentration range of 2 μg/mL to 100 μg/mL with a correlation coefficient (R 2 ) of 0.999. The limit of detection and limit of quantification values for the method were found to be 0.2 and 0.7 μg/mL, respectively.
Ibuprofen
The IBU content was analyzed using a Phenomenex Luna® C18 reverse phase column (5 μm, 100 Å, 250 × 4.6 mm) stationary phase, and the mobile phase consisted of water, acetonitrile, and chloro acetic acid (40:60:0.01) (USP-NF). The flow rate was 2 mL/min, sample volume was 10 μL, and the UV-detector was set at 221 nm (Waters 2489 UV/ detector). Empower 2 software was used to analyze the data.
A calibration curve plotted was found to be linear in the concentration range of 1 to 100 μg/mL with a correlation coefficient (R 2 ) of 0.999. The limit of detection and limit of quantification values for the method were found to be 0.3 and 1 μg/mL, respectively.
Solid-State Characterization
Thermogravimetric Analysis
The thermal stability of all materials used in formulations was determined using a PerkinElmer Pyris 1 thermogravimetric analyzer (TGA) equipped with Pyris manager software (PerkinElmer Life and Analytical Sciences, 719 Bridgeport Ave., CT, USA). Each sample weighing 3-5 mg was taken and heated at a heating rate of 10°C/min from 20 to 250°C.
DSC
A differential scanning calorimeter (DSC 25 Series, TA instruments) was used to assess the thermal characteristics and compatibility of polymers with KTP and IBU. Samples (pure KTP, pure IBU, ES100, EC, physical mixtures, and extrudates) weighing 5-10 mg were hermetically sealed in an aluminum pan and heated at a rate of 10°C/min from 25 to 150°C. Ultra-pure nitrogen was used as the purge gas at a flow rate of 50 mL/min.
PXRD
The solid state of KTP, IBU, ES100, EC extrudates, and the respective physical mixtures was investigated using a powder X-ray diffraction apparatus (Bruker AXS, Madison, MI) using CuKα radiation at a 40-kV generator voltage and 40 mA current. The diffraction angles were 5-40°(2θ), and the scanning rate was set at 2°/min.
FTIR Spectroscopy
The molecular interactions of KTP and IBU with polymers, before and after HME processing, were analyzed by FTIR spectroscopy. The studies were performed on an Agilent Technologies Cary 660 (Santa Clara, CA) instrument. The bench was equipped with an ATR (Pike Technologies MIRacle ATR, Madison, WI) that was fitted with a single 
Drug Content
The extrudates of both KTP and IBU were ground separately into fine powder using a mortar and pestle. An accurately weighed amount equivalent to 50 mg of API (active pharmaceutical ingredient) was transferred into a 50-mL volumetric flask, 50 mL of methanol was added and placed in a sonicator for 30 min (Branson 2510, Branson Ultrasonic Corp., Danbury, CT, USA), and the solution obtained was centrifuged for 15 min at 10000 rpm. Supernatant was collected and diluted with phosphate buffer of pH 7.4 and analyzed for KTP and IBU content separately using HPLC analysis.
In vitro Dissolution Study
Three-stage dissolution testing was performed according to the USP XXIII paddle method using an SR8-plus Hanson dissolution apparatus (6, 23) . Firstly, dissolution was conducted in 750 mL of 0.1 N HCl for 2 h. In the second stage, after 2 h, the pH was increased to 6.8 by addition of 250 mL of 0.2 M sodium triphosphate buffer, and dissolution was carried out for 4 h. In the third stage, the pH of the dissolution medium was adjusted to pH 7.4 with 0.1 M sodium hydroxide, and dissolution was conducted up to 24 h. Paddle rotation was set at 50 rpm, and the temperature of the dissolution medium was maintained at 37 ± 0.5°C. Samples (3 mL) were collected at pre-determined intervals, and KTP and IBU contents were quantified using a HPLC system.
SEM
The surface morphology of pellets before dissolution and during dissolution of both KTP and IBU was assessed using a JSM-5600 scanning electron microscope (JEOL USA, Inc., Waterford, VA, US). The pellets at 0 h and at different time points in the dissolution media (2 h in 0.1 N HCL; 6 h in pH 6.8 phosphate buffer; and 7, 10, and 12 h in pH 7.4 phosphate buffer) were collected, placed in a sieve, and air dried for 24 h to remove any water content present. These dried pellets were sputter coated with gold under an argon atmosphere using a Hummer 6.2 Sputter Coater (Ladd Research Industries, Williston, VT, USA), and surface morphology was observed using a JSM-5600 scanning electron microscope at an accelerating voltage of 5 kV.
Statistical Analysis
The differences between in vitro dissolution results of all formulations extruded using 16 mm were analyzed by one-way analysis of variance (ANOVA). A p value 0.05 indicated statistical significance. All values are reported as the mean of three recordings.
Stability Studies
Formulations (KTP1-3MM, IBU1-3MM) were stored at accelerated stability conditions (i.e., at 40°C/75% RH). The formulations were evaluated physically and tested for drug content and in vitro dissolution release profiles. Physical appearance was observed and noted. The similarity factor was calculated using the following equation:
R t and T t are the cumulative percentage dissolved at each of the selected n time points of the reference and test product, respectively. The value of the similarity factor ranges from 1 to 100, and if the values approach 100, the similarity between the test and reference product increases. The similarity factor should be above 50 to consider the test and reference products similar.
RESULTS AND DISCUSSION
HME Processing
Preliminary experiments performed using a 6-mm extruder (Haake Minilab, Thermo Electron, Germany) to assess the feasibility of the processing parameters (temperature, feed rate, rpm) provided the data to optimize the conditions without any thermal degradation of the materials used. ES100, KTP, and IBU were selected as the enteric polymer and drugs, respectively. KTP and IBU are frequently indicated in treatment of arthritis (a condition target of the chronotherapeutic drug delivery system). ES100 has a high glass transition (Tg) temperature of 172°C, as reported previously (28) . KTP and IBU exhibited melting points at 94 and 78°C, respectively (Determined by DSC, TA 25 SERIES). Both KTP and ES100 undergo thermal degradation above 180°C and IBU above 150°C (29) . Usually, extrusion of polymers is carried out above the glass transition temperature for the polymer to have sufficient mobility inside the extruder and to maintain the torque value below the maximum level where the motor cannot function. Plasticizers, which increase molecular chain mobility and reduce frictional forces between polymer chains, are used to reduce the glass transition temperature, facilitating smooth HME processing at low temperatures (30) . The two model drugs employed in this study, KTP and IBU, can act as plasticizers, so no plasticizers were used in the present study.
In preliminary experiments carried out on a 6-mm extruder, ES100 and KTP were extruded at 30, 40, and 50% drug load. Extrudate strands of 30 and 40% drug load formed a coalesced matrix and were transparent, whereas with 50% drug loading, extrudates were not transparent and the formulation flowed out as a liquid because of the high KTP content. When the processing temperature was further decreased to obtain coalesced extrudate strands, ES100 was observed as distinct particles and phase separation occurred, which can be due to nonmelting of ES100. In vitro dissolution testing was carried out for 30 and 40% drug loading of KTP to understand the release pattern (results not shown), and the results showed above 50% within 6 h with no desired lag time, which was not suitable for the desired chronotherapeutic drug delivery system. Similarly, IBU extrudates with ES100 released the maximum drug within 6 h.
In the next stage, EC, a hydrophobic polymer, was added to the formulation (2.5, 5, and 10%) to retard the initial drug release beyond 6 h. The dissolution profile revealed that EC was able to retard the drug with a minimum amount of drug released in the first 6 h (less than 20%). Based on these preliminary experiments and the results for both KTP and IBU, further trials were carried out on a 16-mm extruder with optimized formulations, as one of the objectives of the current investigation was to develop an industrially feasible chronotherapeutic drug delivery system. KTP with 40% drug loaded with EC (2.5 and 5%) and ES 100 was extruded at a temperature of 120°C, screw speed of 100 rpm, and feed rate of 5 g/min. The extrudates obtained were coalesced and transparent, as shown (Fig. 2a) . Similarly, the extrusion was carried out with IBU at 40% drug loading with EC (2.5 and 5%) and ES100 at 100°C, 100 rpm screw speed, and 5 g/min feed rate. The images of the extrudates are shown in Fig. 2b .
Solid-State Characterization
The TGA results showed that APIs and polymers were stable at the processing temperatures employed during HME. The DSC thermograms of KTP, IBU, ES100, EC, physical mixtures of drug and polymers, and extrudates are shown in Fig. 3 . The DSC thermograms of pure KTP and IBU showed sharp endotherms at 78 and 94°C, corresponding to their melting points. The intensities of these peaks were reduced in the physical mixtures (PM). In both the KTP and IBU extrudates, these characteristic endotherms disappeared, indicating the amorphous nature of APIs in the extrudates and the complete miscibility of drugs and polymers. This was further confirmed by the powder X-ray diffraction (PXRD) studies. In PXRD (Fig. 4) , KTP had major characteristic peaks at 6.3°, 13.1°, 17.3°, and 22.9°, and IBU showed peaks at 6°, 16.5°, 19.5°, and 22°. The intensities of the peaks were reduced in physical mixtures, and complete absence of peaks was observed in extrudates, in correlation with DSC thermograms, substantiating the amorphous nature of KTP and IBU in the formulations. This conversion of crystalline drugs into an amorphous nature may be attributed to the molecular mixing of components in the molten form during melt extrusion.
FTIR Spectroscopy
FTIR spectra of pure KTP, IBU, ES100, EC, physical mixtures, and formulations are shown in Fig. 5 . FTIR spectra showed major characteristic peaks of KTP at wavenumbers 1693, 1653, 1282, 714, and 702 cm −1 . These major characteristic peaks were observed in the physical mixture and extrudate formulations, suggesting the absence of intermolecular interactions between the drug and other polymers utilized in the formulations. Similarly, IBU had characteristic peaks at 2952, 1709, and 779 cm −1 both in the physical mixture and formulation compared with pure IBU, indicating absence of interactions. These results suggest the suitability of the materials in the formulation of chronomodulated systems of KTP and IBU for treating early morning symptoms of rheumatoid arthritis.
In vitro Dissolution Study
The in vitro drug release studies performed in different pH conditions to assess the suitable chronotherapeutic formulation showed the desired lag time. In this investigation, formulations with < 20% drug release in 6 h (lag time) were considered to meet the requirements of the optimized chronotherapeutic drug delivery system to relieve the symptoms of rheumatoid arthritis conditions in the early morning. The in vitro dissolution profiles of KTP and IBU formulations are shown in Figs. 6 and 7, respectively. The dissolution rate of both the drugs was influenced by the concentration of EC and the size of the extrudate pellets.
Effect of Pellet Size
The dissolution profile of the drug from different formulations is dependent on the pellet size of the extrudates.
In pH 1.2 media after 2 h, less than 0.5% of the drug was released from the KTP pellets compared to approximately 3.4-4.2% drug release observed in the pulverized formulations (KTP1-#25SIEVE and KTP2-#25SIEVE). At the end of 6 h in pH 6.8 buffer, the drug release from different sized pellets with 2.5% EC was in the range of 10.6-15.0%. Similar results were observed with the formulation composed of 5% EC (10.1-14.6%). The formulations, with 2.5% or 5% EC in pH 7.4 media, showed a complete drug release and a sustained drug release from the 3 mm size pellets compared to that from the smaller sized pellets (1 and 2 mm). These results ascertain that the drug release is influenced by the pellet size, as discussed in the earlier literature reports (31, 32) . Moreover, a complete drug release (90 and 94%) from powdered formulations was observed at pH 6.8, and this was significantly different (p 0.05) than that observed in the pellets. This is attributed to the increased surface area due to the smaller particle size of the powdered formulation. Sustained drug release from the larger pellet size could be attributed to either the lower surface area of the larger pellets compared to the smaller pellets or increased average distance for diffusion of the active ingredient from the pellet (33). 
Effect of Ethyl Cellulose
In addition to pellet size, a remarkable impact of EC composition on drug release behavior was observed. As the composition of the EC increased, the pellets showed more sustained drug release profiles. A 100% drug release from 1, 2, and 3 mm pellets with 2.5% EC was noticed at 12, 14, and 16 h, respectively, while the drug release was sustained for 14, 16, and 22 h, respectively, from pellets containing 5% EC. This marked difference in dissolution profiles of pellets with 2.5 and 5% EC supports the fact that EC maintains the matrix integrity for a longer time at a high concentration. Further, 90 and 94% drug release from the powdered formulations in 6 h could be correlated with the weak matrix integrity due to loss of EC during the pulverization. Figure 4 delineates the drug release profile of IBU. The dissolution profile data shows that results were in correlation with KTP, with a slight variation in the amount of drug released at lag time. Since 18% drug release was observed from 3 mm pellets (2.5% EC) at lag time (6 h), no other sized pellets of IBU were fabricated and evaluated (as formulations with < 15% drug release at lag time were set to be suitable for chronotherapeutic systems). As observed with the KTP in vitro results, the 3 mm pellets of IBU with 2.5% EC showed a 12-h drug release profile while the pellets with 5% EC sustained drug release for 24 h.
From the above in vitro dissolution results for KTP and IBU, formulations of KTP1-1MM and IBU1-1MM showed 100% drug release in 12 h, which could relieve the early morning symptoms of arthritis with the required therapeutic concentrations. The 3 mm KTP and 3 mm IBU pellets showed sustained release. The correlation coefficient values of all the formulations of KTP or IBU showed a good correlation to the zero-order equation (r 2 = 0.9712-0.9998) Fig. 7 . In vitro drug release profile of the IBU formulation containing 2.5% EC and 5% EC with 3 mm pellet size and high linearity when compared to other models, suggesting that drug release followed the zero order. From the above results, it can be inferred that a chronotherapeutic drug delivery system can be developed using HME technology with desired drug release characteristics.
SEM
SEM images of KTP pellets (Fig. 8i ) obtained from the dissolution vessel, at different time points, elucidated the surface morphological changes that occurred during the dissolution process, further confirming the drug release mechanism from the matrix. The intact surface of the 3 mm KTP pellet at pH 1.2 at 2 h (Fig.8i (b) ) ensured low or no drug release. The appearance of small cracks on the surface of the pellets obtained from pH 6.8 media supported the minimum drug release at 6 h ( Fig. 8i (c) ). The intensity of cracks and the dissolution rate increased as the pH of the dissolution changed to 7.4 ( Fig. 8i (d) ). The increased intensity of the cracks may be caused by the dissolving nature of the Eudragit at above pH 7. The reduction in pellet size was observed from images taken at 10 and 12 h (Fig. 8i (e, f) ). In SEM images of IBU (Fig. 8ii) , the film formation by EC on the surface of the pellets was not clearly observed, and the intensity of cracks was less when compared to KTP. A hole formation was observed (Fig. 8ii (f) ) in pellets along with a size reduction. This may be caused by a variation in solubility of IBU in the dissolution media compared to KTP.
Stability Study
The stability of the formulations at accelerated stability conditions (45°C and 75% RH) for both KTP and IBU showed stability over 4 months. The stability samples were characterized for drug release properties and drug content. The in vitro drug release studies performed after the 4th month showed similar release profiles compared to those of the initial samples. The similarity factor (f 2 ) value was above 70, confirming the similar release profile and stability. Drug content (n = 3) was found to be in the range of 96-103%. Further, the extrudates did not show any change in physical appearance after 3 months of accelerated stability study. Dissolution profiles of formulations KTP1-3MM and IBU1-3MM initially and at 4 months are shown in Fig. 9 .
CONCLUSION
A chronotherapeutic drug delivery system for KTP and IBU was successfully developed for the treatment of arthritis conditions in the early morning hours. The drug release studies conducted in different media showed the desired lag time and release characteristics. The concentration of ethyl cellulose and size of extrudate pellets had significant effects on in vitro drug release profiles. Ethyl cellulose at low concentrations of 2.5 and 5% can act as a potent release retarding agent in the HME techniques. Furthermore, the developed formulations need to be assessed in vivo. In conclusion, HME is a novel, viable technique suitable for developing a chronotherapeutic drug delivery system with many advantages compared to those of other traditional techniques.
